In the course of photographic studies of lightning with the Boys' camera, which have been described in previous papers, discharges have occasionally been observed which did not seem to fit in completely with the general picture to which the majority conformed. A sufficient number of these apparently anomalous discharges has now been obtained for their peculiarities to be cleared up and for us to be able to show that their behaviour is in accord with principles identical with those which govern the more usual type of discharge.
The anomalies to be discussed are of two kinds. In the first place there are discharges which exhibit abnormal first leader processes. Some mention of these has been made in a previous paper in connexion with their electrical effects, which are characteristic and easily distinguishable (Schonland, Hodges and Collens 1938) . Secondly there are discharges some of whose subsequent strokes adopt a new channel for part of their length.
Abnormal first leader processes
In the general case the stepped leader to a first stroke travels to ground with a velocity which is approximately constant. When recorded by a camera with a slow-moving film or lens, the track of the luminous tip of the leader is a continuous line whose separation from the relatively undis torted track of the more rapid return streamer becomes uniformly less as the leader approaches the ground (Schonland, Malan and Collens 1935, fig. 2 ). On a faster camera the leader is resolved into a series of steps whose ends lie on a similar line.
A fast camera record of this kind is shown in the lower half of fig. 1, Plate 7: the lens of the camera was fixed and the film was moved with a linear horizontal velocity of 50 m./sec. The time axis is in the direction of the arrow. The stepped leader starts from the base of the thundercloud at e and follows the line eghl as a result of its downward movement and of the film displacement. The steps from h to / do not show on the reproduction because the very bright return portion of the stroke IHGFE produced considerable halation. The leader track eghl is very nearly a straight line, the leader covering the (two-dimensional) distance of T9 km. to the ground in 0-0077 sec. with an approximately uniform velocity of 2-5 x 107 cm./sec. Closer inspection shows that a change in velocity from 2-8 xlO7 to 2-4 x 107 cm./sec. takes place after the point g, with a corresponding re duction in the length and brightness of the leader steps. It is to be noted that this is the point in the downward course of the leader at which it develops an important branch, the formation of which is shown by the horizontal stepped streak to the right of g. The change in the nature of the leader process after g is so small that in the case of this discharge the leader might well be regarded as of the normal or a type. When it occurs to a more marked degree, so as to show a pronounced discontinuous change of velocity, step-length and step-brightness at one or more points along its path, it forms the distinguishing characteristic of what has been called the type ft leader (Schonland 1938) . The example discussed above shows that the two types can merge into one another.
(a) Type ftx leaders
The commonest type ft leader (type ftx) shows a single sharp discon tinuity in its downward movement. An example is given in the upper record (flash N 2) of fig. 1, Plate 7. The leader begins at a and travels over the first section ab of its path at an effective velocity of 7-2 x 107 cm./sec. in bright steps each about 100 m. in length. The point b on the leader? which later becomes B on the return stroke is shown by a fixed camera picture of the discharge to be the start of a long and prominent branch and the development of the leader to this branch is marked by the nearly horizontal line of steps to the right of b. From the point b onwards, the leader proceeds to ground along bcD with a considerably smaller effective velocity, 3-2 x 107 cm./sec., in steps which are so short and faint as to be discerned with difficulty on the original record.
A second example is given in fig. 2 , Plate 8, which contains both the slow and the fast Boys' camera records of the first stroke of flash 43. The former is reproduced to scale in fig. 3 , with an arrow to show the direction of motion of the lens.
The first part of the leader, abc, is very heavily branched and travels from a to c at a high velocity, 1*6 x 108 cm./sec. This part of the leader is shown on the fast Boys' camera record, fig. 2 , at 11 and 2l, where it is separated into a succession of very bright steps. After the leader has reached c the record on the slow camera is faint but can still be seen along the part shown shaded in fig. 3 . The effective velocity from c to D, where the leader strikes the ground, is 1*05 x 107 cm./sec. On the fast camera this portion cannot be seen at all, since the luminosity, already weak, is stretched out by the lens motion so as to extend from the point c on 21 to D on the image of the return stroke marked 2 and from 11 to the base of th at marked 1. It will be seen from these two examples th at it is a m atter of some difficulty to secure a photographic record of the second and slower portion of a type j3± leader, since the low effective velocity causes a considerable reduction in the intensity of the light emitted by the streamer. For this reason we have been able to secure very few examples of the second portion of this leader process on our fast-moving cameras and cannot always record it on the slower cameras. # Here the leader abcdE travels along the first part of its track, abed, at 6*3 x 107 cm./sec., branching profusely. The final part dE is not recorded by the camera, but in view of the two cases already discussed and others which follow, it is presumed that the leader continues from d to ground with a luminosity which was too faint to be observed on this occasion. Measurement then indicates that dE was traversed at 1*3 x 107 cm./sec., a velocity which is known to be so low as to require very good conditions for the streamer to be recorded photographically. Fig. 4 , Plate 8 (right) shows another example, 98a, where the first portion of the leader abed is bright, rapid and very heavily branched. An abrupt change to a slow and fainter portion, which is just visible on the original record, occurs in the neighbourhood of c. Owing to the confusion introduced by the heavy branching, measurements of the velocities cannot be made with accuracy, but the second and final portion travels at a velocity of the order of 1-0 x 107 cm./sec. Stroke 135a is shown in fig. 6 , Plate 11 (left), and reproduced to scale in fig. 7 . The first part of the leader, ab, ends at the prominent branching point b, which later becomes B on the return portion of the stroke. The change in velocity at b is from more than 1-0 x 108 cm./sec. (high velocities are not easy to measure on a slow-moving camera record) to 9*0 x 106 cm./sec. The luminosity in the second stage of the leader is too weak to be recorded. 135b, the stroke subsequent to 135a, is interesting in connexion with the mechanism of the type j31 leader. It is shown on the right of fig. 6 , Plate 11 and in fig. 8 . Since it follows the path already ionized by 135a, the leader in this case is of the high velocity dart type and brightly luminous all the way down to the ground. It is unusual, however, in showing like its predecessor an abrupt change in velocity near the point b and in develop-ing strongly luminous branches at b and c. Before the point c its velocity exceeded 1-Ox 108 cm. /sec., after c it fell to 5-5 x 107 cm./sec. What we consider to be a significant feature of the branching is that the return streamer DC B A , instead of retracing these leader branches in the usual manner, shows no sign of them whatever. Subsequent stroke leaders of this kind, though rare, have been observed a number of times and a second example is given by flash 40, which will be described later. Table I contains the values of the effective velocities vx and v2 of the two stages of type ^ leaders in all the instances where measurement has been possible, together with the (two-dimensional) lengths of the stages and information concerning direct evidence of the second stage on the records. It will be seen that the second stage has been recorded in five out of the ten cases examined. The velocities, v±, associated with the first stage are all greater than 6-0 x 107 cm./sec. while those for the second stage, v2, with one exception, are less than 3*3 x 107 cm./sec. The exception, flash 40, which is discussed later, shows an abnormally high value of v1 as well.
Whether the second stage is recorded by the camera or not, the measurements indicate that its velocity does not fall appreciably below 1-Ox 107 cm./sec. The values of vx and v2 given in Table I are plotted, together with data from the next section, in fig. 9 .
(b) Tyjpe fi2 leaders
In a rather rare variant of the type /? leader, which we term type /?2, the second and slower stage of the leader is associated with the appearance of one or more fast dart streamers, which travel rapidly down from the cloud along the previously formed track and cease when they have caught up with the slower leader-tip. The first bright stage is thus followed after considerable intervals of time by one or more bright dart streamers, each of which travels farther than the last. Although it is difficult to record the slow and feebly luminous second stage whose progress is responsible for these later illuminations of the leader channel, it has been clearly recorded in one instance and may be presumed to have been present in all the four leaders of this type which we have observed. A small change in the velocity of the slow leader is usually associated with the appearance of these dart streamers.
An example of a type j32 leader, with one dart streamer, is the first stroke of flash 102, shown in figs. 10, Plate If, and 11. In this case the first portion of the leader, a1b1 (fig. 11 ), travels at 2*0 xlO8 cm./sec. and is
bright and easily recorded. The next stage b&D, which is shown in fig. 11 as an interrupted line, is not recorded photographically. When it has reached c2, 0-0082 sec. after the start of the first stage from ax, a fast dart streamer a262c2 travels along the leader channel to catch up with the slowly advancing tip at c2. The slow advance of the leader is then resumed along c2Z>. An increase in the elfective velocity of the second stage of the leader is found to follow the appearance of this dart streamer. The velocity before c2, v2, is found by measurement to be 9-0 x 106 cm./sec. while that after it, v2, is 1-3 x 107 cm./sec. The velocity of the dart streamer is greater than 2-0 x 108 cm./sec. A similar behaviour is shown by flash 92, figs. 10, Plate 11, and 12. After the first stage has passed along aj)xd1 ( fig. 12 ) with a branch to c1? an apparent pause of 0-009 sec. ensues, at the close of which a bright dart streamer travels rapidly along a2b2d2 and onwards to e. We suppose as before that during this interval a slow streamer passes from d± to e, to be caught up by the dart streamer at e, and continues on afterwards to reach the ground at F . The values of v2 and v2 in this case are found to be 9-2 x 106 cm./sec. and 7-0 x 106 cm./sec. respectively.
Flash B X , which unfortunately cannot be reproduced, shows two such dart streamers emerging from the cloud at different times to catch up with the slower leader process in front. The interval of time between them is 0-0032 sec. and the second dart streamer travels 384 m. farther than the first. The record clearly shows the slow stepped process which continues throughout these intervals to travel onwards to the ground. The slow process is in this instance unaffected by the occurrence of the darts and has velocities v2 and v2 before and after the last dart streamer which are both 1-2 x 107 cm./sec. Values of the three velocities associated with the three portions of the leader track in these and one other case are shown with further relevant data in table II and are plotted in fig. 9 . Table II . (c) Discussion of type j3 leaders The significant features of the type /?x leader can be summarized as follows:
(1) It begins with a rapid and brightly stepped portion which usually branches abundantly downwards from the base of the cloud. The velocity of this portion, as fig. 9 indicates, is always greater 6 x 107 cm./sec. and in one case is as high as 2-6 x 108 cm./sec.
(2) This first stage is followed, without any pause which has been de tected, by a slower and much fainter one in which the leader travels down to ground with a velocity which is usually close to 1*0 x 107 cm./sec., and, except in one instance, is less than 3-3 x 107 cm./sec.
As has already been pointed out (Schonland 1938) these facts suggest that the first part of the leader is brought into being by the presence of a strong electric field between the original cloud charge and a volume charge, opposite in sign, in the air below the cloud. The heavy branching of the leader and the fact that its first portion ends at a prominent branching point are indications of the extent of the space charge, to the neutraliza tion of which the initial portion of the leader is mainly devoted. That the whole of the space charge is not always destroyed in this way is shown by the occurrence of leaders subsequent to the first, whose branches, as in the case of stroke 135b above, repeat the branched system of the first stroke. The recoil streamers described in a previous paper (Schonland, Malan and Collens 1935) are probably of similar origin, streamers passing from the space charge to the conducting channel of the return stroke.
The not infrequent occurrence of leaders which actually cease after executing their first and heavily branched portion (air discharges) is an indication that this portion is not controlled by an electric field reaching from the cloud all the way to the ground. Thus when the leader is found to proceed onwards along the second portion of its track we can expect it to do so at a velocity which is different from that prevailing during the earlier stage. The values given in Tables I and II and in fig. 9 show that this is the case.
It is significant that the values of v2 (and v2) in fig. 9 , with few exceptions, are grouped closely around TOxlO7 cm./sec., the minimum velocity of advance of a negative streamer into virgin air. This clearly suggests (Schonland 1938) that when space charge and the powerful electric fields associated with it are no longer playing an important part in the develop ment of the streamer, it advances by a process of direct ionization by the electrons in its tip. If photo-ionization of the air ahead of the tip were an important factor in negative streamer development, the streamer would be moving along a previously prepared track and in low fields should show a higher velocity of advance than that observed.
What we have called the type j32 leader does not differ in essentials from the type /?1? since the velocity of the second stage of the leader is only slightly affected by the dart streamers which catch up with it.
The processes in a type j32 leader appear to be very similar, though on a different scale, to those which are thought to occur (Schonland 1938) in the stepped leader itself, where a fast step streamer periodically catches up with the tip of a pilot streamer moving in front of it. Arguments have been adduced to show that in the latter case the step-interval of the order of 50/^-sec. is determined by conditions at the tip of the leader and not by processes occurring within the cloud. In the case of the steps due to dart streamers in the type /?2 leader the interval, as shown by Table II , is of the order of 0-01 sec. and we would suggest that these streamers are controlled by processes within the cloud itself, being actually new leader discharges from new centres of charge within the cloud. As in the more usual case, where however they travel all the way to ground and are the starting portions of strokes subsequent to the first, these new leaders pass down a previously prepared channel. In support of this suggestion it may be pointed out that the interval between the appearance of the first stage of a type /?2 leader and of the subsequent dart streamer, as well as the intervals between successive dart streamers when these occur, are of the same order as the intervals between successive strokes of a normal discharge. The slow ness of the leader process thus causes the type /?2 first stroke to embody in one stroke what would otherwise be two or more strokes from the cloud to ground. It would therefore be expected that type /?2 discharges would not be followed by many subsequent strokes and this seems to be borne out by the fact that three of the four discharges of Table II have no subsequent strokes while the fourth, flash 92, has only one.
A valuable illustration of the type /?2 discharge is afforded by a photo graph taken by Workman, Beams and Snoddy (1936) on a camera with a slow-moving film. Their fig. 1 is described by them as a discharge which appears to pass to ground in four successive large steps. According to the discussion we have given, this would seem to have been a type /?2 discharge, the first large step corresponding to our first stepped leader stage, the next two to dart streamers superimposed on an unrecorded slow streamer in front of them and the last to the return portion of the stroke. From the data given by these authors we have calculated the velocities v2, v2, and v2 of the invisible leader processes before, between and after the supposed dart streamers and have found 2*7, 5*0 and 8-0 x 102 * * * 6 cm./sec. respectively. The first two values appear at first sight to be inconsistent with the view that such a process cannot travel with a velocity much below 1-0 x 107 cm./sec. but examination of the photograph shows that the portions of the track concerned in them were extremely tortuous and that the two-dimensional projection which has been used in the calculation may well be very much shorter than the actual length. The final portion, on the other hand, where the velocity is not far from that expected, is the most nearly straight of the three. The intervals between the large " steps" on this record are again close to 0*01 sec., a value which gives support to the suggestion that in a normal discharge they would be successive strokes.
Alterations in the track followed by subsequent STROKES OF THE SAME FLASH
The lightning discharge to ground frequently consists of a series of separate strokes each of which usually follows the same path, since its downward moving leader is guided by the ionization which has persisted since the previous stroke occurred. Instances have been described in previous papers in which, when the interval is long, this ionization is in sufficient for the rapid dart leader process to continue and the leader takes a slower dart stepped form. If the ionization required to guide a leader has completely disappeared over part of the track, we may expect to observe this part of the new leader as a stepped virgin-air process following a track different from that of its predecessors. If further strokes occur at intervals which are not abnormally long, they will follow the new channel. An effect of this kind could occur anywhere along the track of the discharge, but so far it has only been observed by us at its lower end. When such a flash is recorded on a fixed camera it appears to have forked down to ground in two or more places.
If the ionization has been destroyed by wind and lapse of time at the upper end of the channel, we might expect to find the new leader emerging from the cloud in a fresh direction and adopting the older and still ionized portion of the channel later on in its progress. On a fixed camera the flash would then appear to have branches upwards into the cloud along a Y-shaped channel. The same effect would arise if, as suggested in a previous paper (Schonland 1938) , the stroke in question started from a new centre of charge within the cloud and joined up with the old channel outside instead of inside the cloud. This second explanation is to be preferred if the interval before the appearance of the new upper section of the channel is not a very long one.
Examples of these charges in the channels of subsequent strokes are given below.
[a) Alterations at the upper end of the channel
A flash with apparent Y -shaped upward branching is shown in the upper part of fig. 13 , Plate 10 (flash 38, fixed camera picture). The slow-moving camera record below this picture indicates that the first two strokes, a and b, were preceded by leaders which came down from the right of the cloud-base while the third and following strokes, c to K , were due to leaders which emerged from a point 0*25 km. to the left of the first two. The time interval between strokes b and c was 0-065 sec., only twice the most frequent value, 0-03 sec., which has been found for the interval between strokes. Since an interval of this order does not usually cause the leader to the stroke following it to show a much reduced velocity or to take the dart-stepped form characteristic of a trail barely capable of guiding it, we suggest that the behaviour of this stroke is caused by the appearance of a leader from a centre of charge in a different part of the cloud.
In one instance only have we recorded upward branching in a single return stroke. In fig. 14, Plate 10 (flash 77, first stroke) the leader process is clearly visible along abed and if it continues onwards to ground from c to E is of type /?x. The velocity v2 calculated for the second stage (0-8 xlO7 cm./sec.) supports this suggestion. The leader also shows an upward bend or branch from c to d and the return portion of the stroke after travelling from E to G, where the track is very contorted, branches along CBA' and CD SR A to reach the cloud-base in A' and A . In this case the branching at G as far as D on the left fork, and the whole way to the cloud at A on the right fork, is in accordance with the principle that the return streamer follows the track prepared for it by the leader. The photo graph, which is not a very good one, offers no clue to the mechanism of the extension of the left fork onwards from D to A'. It is, however, probable that A and A' are coincident and that two leaders travelled down from this point, the left-hand one terminating close to the fork d of the other and so providing an alternative path for the upward return process.
(b) Alteration at the lower end of the channel
The fixed and the slow-moving camera records of flash N 6 are shown in fig. 15 , Plate 10. On the fixed picture the channel apparently branches to the ground from the point X. The slow-moving camera shows that the first two strokes a and b took the right fork while the remaining four, from c to /, went to the left. The explanation of this effect is to be found in the unusually long time interval, 0-13 sec., between strokes b and c. This was so long that the dart leader to c was slow and can be seen as a fine line, cz, to the right of the return portion of this stroke. It is unusual for any leader other than the slow first one, a z, to be detected by a slow-moving camera. The velocity of cl as far as X was 3 x 108 cm./sec., a value which for a dart leader is so low as to indicate that the track it followed was barely able to guide the leader along it. At X we must suppose that the pre-existing ionization had disappeared completely and that the leader took a new path, showing from X onwards the prolific branching which is associated with advance into virgin air. Flash 130, figs. 16, Plate 12 and 17, Plate 12, is very similar to the one just discussed. Fig. 16 shows the fixed camera record (with downward forking at S) on the right, the slow-moving camera record on the left and the double-lens Boys' camera record in the centre. Fig. 17 is an enlargement of the record of one of the Boys' camera lenses. The alteration in the channel at S was created by the leader to the second stroke, b, and can be ascribed to the exceptionally long interval of time, 0-18 sec., between the first and second strokes, as shown by the slow camera record. The leader to stroke 6, which is marked bt in figs. 16 and 17, is dart-stepped and travels at 1*7 x 108 cm./sec. as far as S . This indicates a previously ionized path which is only justuble to guide the leader process. At S it becomes a stepped process advancing into virgin air along a com pletely new path. Both the dart-stepped and the stepped stages are clearly shown in fig. 17 where the former is visible as a broken line along bt from p to s, the point on the leader corresponding to S on the return stroke, and the latter from s onwards as a series of disconnected spots above the dotted arrow. The steps of the dart-stepped portion have an average length of 25 m. and a pause-time of 15 psec., while those of the stepped portion after s have the same average length and a pause-time of 65/^sec.,the effective velocity changing atsfrom T7 x 108to3-8x 107 cm./sec. In both the instances described above, the alteration in the path followed by a subsequent stroke can be directly related to the occurrence of a very long time interval between strokes and an exceptional ageing of the ionized trail. It is known that the wind sometimes causes a considerable shift in the position of this trail (Schonland 1937) and it is suggested that in these cases it has destroyed the continuity of the track at its lower end.
Flash 40, fig. 18 , Plate 9, is a discharge which combines in its behaviour both the abnormalities which have been described in the present paper, for it offers a good example of a type fiL first stroke leader and the lower portion of its second stroke takes a path which is different from that followed by the first stroke. The apparent downward forking thus pro duced is shown on the fixed camera picture at the centre of fig. 18 .
The leader process to the first stroke is recorded in the fast Boys' lens picture on the right. The first and rapid stage of the leader begins from the cloud-base at p and travels with long and very bright steps from p to q, branching at q along qu as far as u and along qr to further branches ending at s and t. The ends of this branched first stage are the points U, S and T on the fixed picture in the centre. After reaching u the leader enters upon its second slow stage and can be seen on the original negative to travel more slowly and with reduced velocity to reach the ground at V. The branches along rs and rt also develop during this stage. The return streamer travels along VUQP to the cloud and along the branch QR to S and T.
The behaviour of the strokes subsequent to this first one is indicated by the slow-moving camera record on the left of fig. 18 . The second stroke, which followed the first after an interval of 0-04 sec., followed the branch qrt, which was developed by the first leader, and reached the ground at Y. In so doing it must have considerably extended its leader along qrs, for the return streamer YTRQP shows the full development of this branch as far as X .
The next two strokes, (3) and (4), did not develop this branch but travelled along the new main channel to ground at Y. The last stroke of the series marked (5) in fig. 18 , Plate 9, resumed the illumination of the branch USX in a most vigorous manner. This stroke also travelled to ground along the right-hand fork R Y .
The behaviour of the first leader and subsequent strokes of this flash indicates the presence of a considerable space-charge in the air in the region RSX. The field produced by this space-charge must be considered the cause of the exceptionally high velocity (2-6 x 108 cm./sec.) of the first stage of the first leader and of its exceedingly bright steps. It is probable that during the interval between first and second strokes the ionization along the path QUV disappeared completely. The second stroke was then guided by the space-charge to ground along T Y and into the air along RSX. The next two strokes occurred at intervals of 0-010 and 0-015 sec. after their predecessors, and followed the same channel to ground. The last stroke took place after a longer interval, 0-063 sec., and presumably was again influenced by the space-charge to develop strongly in the direc tion RSX. The record shows that some form of partial discharge occurred between the fourth and last strokes, the nature of which cannot be properly determined.
This work is part of the programme of lightning research sponsored by the South African Institution of Electrical Engineers. Our thanks are due to Mr J. A. Linton for his help in constructing the new camera used in obtaining fig. 1 , Plate 7 and other data.
Summary
An account is given of some apparently anomalous lightning discharges observed with the Boys5 camera, and it is shown that their behaviour is in accordance with the same principles as govern the more usual type of discharge.
Certain abnormal first leader processes occur in two stages, the first rapid and the second involving a velocity close to the limiting value for negative streamer propagation. The first stage is considered to arise from the pre sence of space-charge concentrations in the air below the cloud. Dart streamers may travel down from the cloud during the second slow stage and catch up with the leader tip.
Changes in the lower portions of the channels used by successive strokes of the same flash are shown to be associated with long time intervals between strokes, whereby the conductivity and guiding power of the pre vious track is destroyed. A case of change in the upper portion of the channel is ascribed to the existence of a second centre of charge within the cloud.
